While neurochemical metabolite modifications, determined by different techniques, have been diffusely reported in human and mice brains affected by transmissible spongiform encephalopathies (TSEs), this aspect has been little studied in the natural animal hosts with the same pathological conditions so far.
Introduction
Scrapie is a fatal neurodegenerative disease that affects sheep and goats. This disease belongs to the transmissible spongiform encephalopathies (TSEs), or prion diseases, a group of pathologic conditions that includes bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in deer, CreutzfeldtJakob disease (CJD) and variant CJD (vCJD) in humans. 1 TSEs consist of the deposition, within the central nervous system (CNS) and in a number of peripheral nervous and lymphoid tissue districts, of the pathological isoform (PrP Sc ) of a normal host protein (''prion protein'', PrP c ). 1 Studies in rodent models and field observations in sheep suggested that the classical scrapie agent enters into the host's body through the mucosa of the ileal tract of the gut, with the first PrP Sc deposition being observed in Peyer's patches (PPs) and then in other districts of the lymphoreticular system (LRS). 2 From the LRS, prions enter inside the CNS through the sympathetic and parasympathetic fibers of the autonomic nervous system, with the first appearance of PrP Sc deposition at the level of the nucleus parasympathicus nervi vagi (NPNV) and the intermedio-lateral (IML) cell column of the thoracic spinal cord. 3 During the lymphoid spreading of PrP Sc and its early phase of neurodeposition, sheep appear clinically healthy. Following a 2-yearlong incubation period, onset of clinical scrapie is associated with diffuse PrP Sc deposition, neuronal vacuolation, astrocytosis and microglia activation in the CNS. 1 All these changes result in complex alterations of cellular metabolites that have been studied by means of low resolution magnetic resonance spectroscopy (MRS) in vivo and ex vivo brains and tissues and by high resolution proton nuclear magnetic resonance ( 1 stimuli via multivariate statistical analysis (MVA) of biological NMR spectroscopic data''. 8 MVA is a powerful tool that allows us to extract qualitative and quantitative information from large data sets. Among MVA techniques, qualitative techniques such as cluster analysis, principal component analysis (PCA), and soft independent modelling of class analogy (SIMCA) are aimed at finding similarities and dissimilarities among samples. For sample classification and biomarker identification, discriminant analysis (DA) is more appropriate. Among regression techniques, partial least squares (PLS) can be used to linearly correlate multivariate data with the measured response. Multivariate statistical approaches, different from univariate tests, taking into account the correlations among variables, highlight all the concomitant changes of metabolites, thus giving a more ample picture of biomarker candidates and a more robust classification. In this work, in an attempt to identify a metabolite profile linked to prion ailments, we studied, by means of 1 H NMR spectroscopy coupled with different MVA techniques, the pool of hydro-soluble low molecular weight compounds in brain extracts from Sarda breed sheep exposed to the scrapie agent in a historically affected flock. To accomplish this goal, brains were collected from healthy (H), scrapie-infected symptomatic (S), and scrapie-infected asymptomatic (A) sheep. Modifications of brain metabolite profiles were correlated with PrP Sc deposition, as measured by WB analysis, in brains of the affected animals.
Material and methods

Sheep selection, scrapie diagnosis and brain treatments
A scrapie-affected Sarda sheep flock, located in Sardinia (Italy), was studied. The flock was randomly selected among those with high incidence of clinical scrapie. After notification of clinically suspect cases, inside the context of passive surveillance for scrapie, the presence of the disease in the flock was assessed by conventional protocols. In this flock, inside the framework of appropriate actions for eradicating scrapie, all the susceptible animals, with or without clinical signs, were euthanized. Whole brains were removed by standard necropsy procedures as soon as possible after death. The collected brains were divided into two hemi-parts by a medial cutting before being frozen at À80 1C.
One half underwent western blotting (WB) examination 9 and PrP Sc relative quantification. Eighteen brains were selected, and based on WB results they were classified as follows: n = 7, PrP Sc negative, as healthy (H-1 to H-7); among 11 PrP Sc positive, when clinical signs were previously reported they were classified as symptomatic (n = 8, from S-1 to S-8); otherwise asymptomatic (n = 3, from A-1 to A-3). The second half of brain was weighed and immediately homogenized in ice for 2 min in saline solution, 1 : 1 weight : volume, using an Ultra Turrax blender. Aliquots of homogenates were stored at À80 1C.
Extraction of the water-soluble low molecular weight components
For each brain, three aliquots were submitted to extraction. The low molecular weight water-soluble components were extracted from homogenized brain samples using a solution of 
Data pre-treatment and multivariate statistical data analysis
Spectral data pre-treatments were performed to make the samples comparable and the overall data suitable for statistical analysis. To overcome dilution problems, within each sample the integrated area of the spectral regions of interest was reported as the percentage of the total integrated areas. The resulting data matrix X, in which the rows are samples and columns the spectral integral values (reported as means over three spectra from as many extracts for each brain), was imported into the SIMCA-P+ program (Version 13.0, Umetrics, Sweden), and the mean was centered and scaled to unit variance, column wise. When distribution of a variable presented skewness, column wise, it was log-transformed. The multivariate statistical approaches for data analysis employed here were as follows: (i) The unsupervised PCA for sample distribution overview, where information regarding class membership is not given; the PCA results were graphically reported in the score plots where samples were projected in the multivariate space. (ii) The supervised partial least squaresdiscriminant analysis (PLS-DA) and its orthogonal variant (OPLS-DA) for classification and identification of the most discriminant variables that characterized the classes. In the 2-class OPLS-DA, the between-class variance is expressed in the first component, and further orthogonal components are irrelevant to the discrimination; this is of particular interest when a high intra-class variability exist. 15 The PLS-DA model quality was evaluated on the basis of the parameters R 2 Y (goodness of fit) and Q 2 Y (goodness of prediction, determined through cross validation), and tested for overfitting by permutation tests (n = 400), as implemented in the SIMCA program. The results of two OPLS-DA models can be depicted in the SUS plot (shared and unique structures plot); this is a 2D scatter plot of the loading correlation vectors of the predictive components of the two separate models. 16 (iii) The supervised classification technique soft independent modelling of class analogy (SIMCA) to classify samples as belonging to an already given class, for which they show the largest similarity. In contrast to other supervised pattern recognition techniques (PLS-DA for example), SIMCA is a more versatile approach (soft modeling), which allows the classification of a sample in one or more classes, or in none of them, while discriminant techniques (hard modelling) only allow us to classify a sample in a single class. In SIMCA, for each class of samples, a PCA is performed, where the appropriate number of principal components (PCs) to be included is based on the cross-validation procedure; in fact, although the variance explained by the PCA model (R 2 X) increases with additional PCs, the analogous entity in crossvalidation, expressed by Q 2 X, does not continuously increase with incremental PCs, indicating, at a certain point, that the addition of more PCs into the model will only add noise. The SIMCA results are plotted as Cooman's plot, which provides the orthogonal distance from samples to be classified to two selected PCA classes. The critical cut-off class membership limits are also reported. They define the distance of samples from each PCA class model; if a sample belongs to a predefined class it should lie within its boundaries. PLS regression is used to find the linear relationship between a set of independent variables (X) and a measured variable (y). This technique uses measured properties to construct models, often based on minimal differences between similar samples, that seek regularities in variable changes linked to the measured properties under study. The orthogonal variation of PLS (OPLS) separates the systematic variation in X into two parts, one part that is correlated (predictive) to y and the other is uncorrelated (orthogonal) to y.
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PrP Sc quantification in brain
To determine the relative amount of PrP Sc per mg in the whole brain of asymptomatic and clinically scrapie sick sheep, we compared the intensity of the WB signals of each brain to a standard curve generated from WB signals of serial naturally scrapie-infected brain dilutions. For this purpose, we used a WB procedure in which the quantification of the total loaded brain proteins was performed using the BCA Protein Assay Kit (23-225 BCAt Protein Assay Kit, Pierce) and the intensity of the WB signals of the typical PrP Sc bands was captured and quantified by densiometric analysis using a Chemidoc Imager System (BioRad). 18 
Ethics statement
The protocol used for the slaughtering procedures involving the sheep investigated herein was officially approved by the Service for Animal Welfare of the Istituto Zooprofilattico Sperimentale della Sardegna according to the guidelines no. I 09 044, in tight agreement with the guidelines of Italian National Law no. 116/1992.
Sheep were humanely euthanized with a barbiturate solution, followed by injection of 4 mL of embutramide and mebenzonic iodide (Hoechst Roussel Vet, Italy). We declare that the study was carried out on private animals under the request of the owners and all sheep were institutionally examined in the framework of the scrapie surveillance plan, and thereby no permission from an ethics committee was needed. The Istituto Zooprofilattico Sperimentale della Sardegna has been commissioned by the Italian Health Ministry to carry out all the analysis related to the regional scrapie surveillance plan.
Results
H NMR experiments
The 1 H NMR technique was applied to study the brain metabolite profile of infected and healthy sheep. The 1 H NMR spectra of the aqueous phase of brain extracts are characterized by sharp peaks assigned to the functional groups of low molecular weight metabolites found in a free state. A representative 1 H NMR spectrum of the brain extract is shown in Fig. 1 , where it has been divided into two main spectral regions having different intensities. The first, Fig. 1A , from 0.5 to 5.0 ppm, contains signals from the aliphatic groups of free amino acids and derivatives, including the three branched chain amino acids (BCAA: valine, leucine, and isoleucine), glutamine (Gln), alanine (Ala), aspartate (Asp), N-acetyl aspartate (NAA), gammaaminobutyric acid (GABA), and taurine (Tau); signals of organic acids such as lactate (Lac) and acetate (Ace), the trimethylamine group of choline and choline-containing compounds: 3-glycerophosphocholine/phosphocholine (Chol), myo-inositol (MI), and creatine (Crt). In the spectral portion between 5.5 and 9.0 ppm, Fig. 1B , resonating less intense signals, attributed to the aromatic protons of amino acids such as tyrosine (Tyr), phenylalanine (Phe), and of nucleosides and nucleobases such as uracil (Ura), cytosine (Cyt), inosine (Ino), and hypoxanthine (Hyp); of nicotinamide adenine dinucleotide (NAD), formate (Form) and fumarate (Fum). Other detected NMR peaks were not unambiguously identified, also due to the possible loss of information, linked to the 2 H exchange of labile protons. 19 Once the spectra were fully assigned, the areas representative of the most relevant metabolites were measured by means of spectral area integration. Due to the intrinsic nature of 1 H NMR spectroscopy to detect, in principle, all hydrogen atoms in a molecule, excluding the fast changing ones, several metabolites, such as MI, exhibit resonances in different regions of the spectrum; taking into consideration this observation, areas to be integrated, diagnostic of a single metabolite, were carefully chosen among those being not overlapped and baseline well resolved. The results are reported in Table 1 . Seldom, when 3 different extracts of the same brain were examined, quantitative differences of NAA and its hydrolysis products N-Ace (N-acetyl) and Asp were observed. Quantitative analysis of the 3 compounds indicated that, to a certain extent, hydrolysis of NAA has taken place 20,21 during sample handling. Considering the reported relevance of NAA in brain diseases 5, 22 not to lose this information and, on the other hand, to overcome this bias, these molecular components were considered as unique variables, and therefore NAA (2.67-2.65 ppm) and Asp (2.83-2.76 ppm) normalized integrals were summed up and the new variable was named Asp-tot; analogously, Ace-tot was obtained by summing up N-Ace (singlet at 2.01 ppm) and Ace (singlet at 1.91 ppm) integrals. Following these procedures for each brain, a total of 24 variables (reported as means over 3 extracts) ready for MVA were obtained.
Data set overview by PCA
At a glance, no spectral differences were detectable between the 1 H NMR spectra of healthy and infected symptomatic as well as asymptomatic brain extracts. To extract the information, in terms of similarities and dissimilarities of samples based on the metabolite characteristics, contained in the set of spectra, a PCA of the spectral data (20 samples and 24 variables) was performed. The first two PCs described 59% of the variance and no outliers were detected. From the analysis of the score plot PC1 vs. PC2, shown in Fig. 2 , it can be seen that S samples lie, although scattered in two groups, on the left side of the plot, while H and A samples, that tend to cluster, are projected on the right side. The results of this unsupervised analysis showed that the healthy and infected brains had different metabolite profiles, and that A brain samples shared common features with the H ones.
Discriminant analysis for metabolite identification of H vs.
S samples
The results of the PCA showed that the H and S samples had different metabolite profiles and that the S samples presented a higher intra-class variability. To find the metabolites that discriminate the different classes of samples an OPLS-DA was performed on 2 sample classes, H vs. S. This produced a 2-component validated model with R 2 Y = 0.94 and Q 2 = 0.89, indicating a good fitting and a good classification power. Loading values along the predictive component were studied to attribute discriminant metabolites to each class. The results are reported in Table 2 , where only the most important metabolites, i.e. those having the highest loading values that indicate a higher importance (weight) of the variable in discriminating the sample class, are reported. The most discriminant variables were found to be Ino, Cyt, Crt, and Lac, up regulated in S samples, while Asp-tot, GABA, Tyr, Ura, Phe, and BCAA were down regulated.
Characterization of A samples
The PCA score plot of Fig. 2 shows that H and A samples are clustered. For a deeper investigation of the characteristics of A samples, although numerically very limited, we performed further MVA. SIMCA was used for predicting the class belonging to A samples with regard to H and S classes and the results visualized in the Cooman's plot are reported in Fig. 3 , where the multivariate spaces pertinent to H and S classes are shown. This showed that all the S and H samples were placed in their class membership zone. One (A10) out of the 3 infected asymptomatic samples projected into this space was classified as healthy, while the remaining 2, as not lying within the boundaries of any of the 2 (H and S) predefined classes, were classified to neither of the 2 classes. With the aim of finding the metabolites that characterize the A class of samples we performed and cross-compared the results of two pairwise OPLS-DA models: ''H vs. A'' and ''H vs. (Fig. 4) . It is clearly visible that Chol is the variable that mostly characterizes the A samples. It is worth reminding that Chol variable comprises metabolites predominantly involved in the choline phospholipid metabolism (choline, phosphocholine and glycerol phosphocholine). 12 The two classes of infected samples (S and A) shared the metabolite Ino. Metabolites up regulated in A samples are reported in Table 2 . Table 4 , we report the metabolites having the strongest (either positive or 
a Inosine (Ino), choline/phosphocholine/3-glycero-phosphocholine (Chol), aspartate + N-acetylaspartate (Asp-tot), gamma-aminobutyric acid (GABA), lactate (Lac), BCAA (branched chain amino acids: isoleucine, leucine, and valine), cytosine (Cyt), phenylalanine (Phe), tyrosine (Tyr), creatine (Crt), uracil (Ura), alanine (Ala), fumarate (Fum). b m up-regulated, k downregulated, and -stable, with respect to the H class. Fig. 3 Cooman's plot of spectral data of brain extracts. SIMCA Cooman's plot. In the x-axis PCA of H samples: 47% of the total variance expressed, 2 components; in the y-axis PCA of S samples: 65% of the total variance expressed, 2 components for S. The plot is divided into four regions by the intersection of 95% confidence limit lines for each class. These regions identify the class membership: the NW region defining H only, the SE region defining S only, the SW region containing both H and S, and the NE region containing neither H nor S membership.
negative) correlation with PrP sc levels. The results of t-test on Ala data of infected and healthy samples reject the null hypothesis at p 4 0.05.
Discussion and conclusions
Our results indicated that clinically scrapie affected sheep have different brain metabolite profiles compared to the healthy ones, while the asymptomatic affected animals, although more similar to the healthy group, have also their own metabolite features. To our knowledge, this is the first metabonomic study performed in naturally infected sheep with scrapie. In this study, although the number of the sheep considered is relatively small, assessing the metabolite profile in the whole brain using 1 H NMR and different MVA techniques, we found different metabolite profiles in H, S, and A sheep. As results from the OPLS-DA ''S vs. H'' and as shown in the SUS plot, Ino is the metabolite having a relatively higher level in the infected sheep (S and A) when compared with the healthy ones. Cyt, Crt, and Lac are discriminant of S samples, and as we can see in the SUS-plot, choline and choline-containing compounds (phosphocholine and glycerol phosphocholine) characterized the A samples. Healthy brains were characterized by relatively high levels of BCAA, Phe, Ura, Tyr, GABA, and Asp-tot. It is interesting to note that, correlating the metabolite profiles to the PrP Sc amounts, Ala was the most important metabolite, having the strongest positive correlation with PrP Sc amounts. GABA, Ura, and Asp-tot were the metabolites that inversely correlated with both PrP Sc levels and discriminated H samples.
We found a higher level of Lac in the extracts of S brains when compared to the H ones. It generally indicates a more intense anaerobic metabolism, which can be observed under hypoxic/anoxic stress conditions affecting the brains or other organs and can indicate ischemic processes and apoptosis. Although not significantly correlated with PrP sc amounts, it can be hypothesized that the increase of Lac is a sign of general sickness but not specifically linked to the PrP sc generation. Ino was found to be in a relatively high quantity in S and A brains: it is the breakdown product of ATP and is formed by deamination of adenosine, mainly at high intracellular concentrations, which are associated with hypoxia, ischemia and other forms of cellular stress. 23 Crt is higher in S brains and also correlated with PrP sc . Crt is thought to have a multifaceted role in the brain. Besides being involved in brain osmoregulation, it has recently been implicated in energy homeostasis and direct antioxidant effects. 24, 25 Furthermore, Crt plays an integral role in the cellular energy metabolism, and thus an increase in the concentration of this compound may be a result of metabolic stress. Dysregulation of Crt may implicate an energetic shift in the brain, suggesting an increased metabolic activity and/or a depletion of the energy storage capacity. 24, 26 Crt has several potential neuroprotective effects, 25 including buffering intracellular mitochondrial energy reserves, stabilizing intracellular calcium, and inhibiting activation of the mitochondrial permeability transition pore, which have all been linked to apoptotic and oxidative cell death. 27 Asymptomatic samples are characterized by choline, phosphocholine and glycerol phosphocholine. Choline is an essential nutrient with a complex role in the body. It is required for synthesis of the neurotransmitter acetylcholine and of phosphatidylcholine, the major constituent of membranes. 11 It is also involved in cell-membrane signaling (phospholipids), lipid transport (lipoproteins), and the methyl group metabolism (homocysteine reduction). 28 In MRS, choline is a marker of the cellular membrane turnover, and is therefore elevated in neoplasms, demyelination and gliosis. Phosphocholine, which contributes to the choline resonance, may act as a biomarker for the membrane phospholipid metabolism/turnover. 29 Choline is also a constituent of sphingolipids that participate in the formation of the lipid rafts where the GPI protein is anchored. Naslavsky 30 reported that in neuroblastoma cells infected with prions, sphingolipid depletion increases the formation of PrP Sc . Deregulation of sphingolipids metabolism in Alzheimer's disease has also been reported. 31 The choline biomarker in A brains could be an early sign of brain cellular membrane damage due to lipid raft formation and protein anchorage. Amino acids play important functions as neurotransmitters providing both excitatory and inhibitory stimuli. Here, we found that the levels of amino acid Asp-tot, Tyr, Phe and BCAA are lower in the brains of S sheep. This may be a consequence of the neurodegenerative phenomena affecting pre-and post-synaptic processes, a commune pattern observed in distinct brain regions when exposed to prion 32 or to beta-amyloid oligomers in Alzheimer's disease. The loss of a selective subpopulation of GABAergic neurons has been demonstrated in an experimentally prion infected mouse 33 by detecting glutamic acid decarboxylase, the GABA synthesizing enzyme, immunohistochemically. This correlates well with our observation of a lower level of GABA in the S brains when compared to H. Moreover, the lower GABA level seems to be relegated to the clinical stage of scrapie, as being not observed as discriminant in the asymptomatic sheep. In this respect, a decrease of the GABA activity has been observed at the clinical stage in scrapie infected hamster. 34 The Asp-tot (comprising NAA and Asp) level is lower in S and A sheep. The decrease of NAA is a finding that has been already described at earlier stages of the disease in the murine model after experimental prion infection. 6 NAA is an abundant metabolite which is present only in neurons in the adult brain, and although its role in the cell is little known, it is widely considered to be a marker of functional neurons. 6 A lower level of Ura has been observed in brains of symptomatic sheep when compared to the healthy ones. Although little is known about the neuronal functions of Ura, it has been suggested that it modulates many neurotransmitters or neuromodulators, especially in the mature central nervous system 35 and its glycosylated form, uridine, has been proposed as a neuroprotective agent in neurodegenerative disorders. 36 Ala was the metabolite more strongly linked to PrP sc amounts in scrapie sheep brains. Ala has been indicated as a biomarker of apoptosis and/or cellular stress processes in brain, which are both normally observed in scrapie neuropathology. 37 In addition, the increase of Ala has also been observed in meningioma and following ischemia; 38 the concentration of plasma Ala was significantly increased ( p o 0.05) in infected BSE dairy cattle as well. c Loading weights along the predictive component. d Jack-knife standard error of loading weights computed from all rounds of cross validation. Alanine (Ala), cytosine (Cyt), creatine (Crt), aspartate + N-acetylaspartate (Asp-tot), uracil (Ura), gamma-aminobutyric acid (GABA).
Among the biases that could affect the reliability of our results, the potential presence of different scrapie agent strains implicated in our cases should be taken into account. In general, neuropathological changes, including the PrP Sc molecular signature and its regional distribution in the brain, are strictly related to the TSE agent strain involved and to the PrP genotype of the host; thus these differences related to the host might influence the 1 HMRS neuro-metabolic profile. 40 Our study has the advantage that all cases belong to the same flock, and only one identical molecular signature was found among the different cases examined. In addition, it is worth recalling that only one identical scrapie agent strain has been found in Italy so far. 41 The approach described herein was able to identify different metabolite profiles pertaining to healthy and infected sheep brains, and physiopathological roles of metabolites mainly involved may explain their different expressions in these two extreme situations. Determining the metabolite modifications in the asymptomatic and symptomatic phases of the disease might clarify some of the molecular mechanisms of the prion disease and disease progression. As in previous studies, our findings confirm the close relationship between scrapie and other neurodegenerative diseases, although comparing ruminant brain metabolites to human brain metabolites can be, to some extent, hazardous. This study concerns in vitro analysis of the whole brain, although the widespread pathology onset has specific neuroanatomical locations; in this respect, future investigations will be dedicated to the study of metabolite fingerprints in different affected areas.
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